The diversity and possible contribution of non-coding regions of the prion protein (PrP) gene (PRNP) to transmissible spongiform encephalopathy susceptibility and PrP regulation are not fully known. This study defined ten ovine PRNP promoters and five untranslated region (UTR) haplotypes found in atypical and classical scrapie cases and healthy control sheep. A greater diversity of promoter and UTR haplotypes was observed in conjunction with the ARQ PrP allele (seven promoter and four UTR haplotypes), while it was observed that the other alleles were linked with a limited number of haplotypes, such as ARR, found to be linked to only two promoter and one UTR haplotypes. In silico analysis identified potential transcription factor binding sites that differed in the promoter haplotype variants. Furthermore, a 59 UTR internal ribosome entry site motif was identified in exon 2 and highlights a possible role for this exon in regulating PrP expression at the translational level.
Scrapie is a member of the transmissible spongiform encephalopathy (TSE) family of diseases, whose natural hosts are sheep and goats. TSEs are degenerative disorders of the nervous system and are invariably fatal. Irrespective of whether these diseases are acquired, inherited or of idiopathic origin, the prion protein (PrP) plays a central role (Prusiner, 1998) .
The PRNP gene codes for the ovine PrP, is over 20 kb long and contains three exons separated by two introns of 2421 and 14031 bp (Lee et al., 1998) . The 768 bp coding region or open reading frame (ORF) of PrP is contained entirely within exon 3. The 59 untranslated region (UTR) consists of exon 1, exon 2 and bases 1-10 of exon 3 and the 39 UTR (bases 779-4028) of exon 3 (Fig. 1) .
Polymorphisms within the PRNP ORF are known to be associated with susceptibility and resistance to classical and atypical scrapie in sheep (Goldmann et al., 1994; Benestad et al., 2003; Moum et al., 2005) . The four PrP polymorphic codons that are commonly linked to scrapie susceptibility are found at amino acids 136, 141, 154 and 171. The ancestral sheep allele is presumably A 136 L 141 R 154 Q 171 (shortened to ARQ when omitting the 141 codon). This allele, plus those generated through the substitution of one of its amino acids, make up the six most common ovine PrP alleles, namely ARQ, VRQ, AHQ, ARR and ARH, which all have leucine at position 141, and AF 141 RQ, which has phenylalanine at this position.
Other regions of PRNP could also influence susceptibility, either independently or in synergy with the coding region, and may prove beneficial in future breeding plans, particularly in rare breeds, to maximize genetic diversity in the national flock whilst maintaining scrapie resistance (Dawson et al., 2008) . For example, polymorphisms in the PRNP promoter region could destroy or create a transcription factor binding site (TFBS) that in turn leads to the down-or upregulation of PrP and influences disease susceptibility or incubation period. The mechanism by which the 39 UTR region of PRNP could affect scrapie susceptibility and resistance is not known; however, Goldmann et al. (1999) demonstrated that the length of the 39 UTR in mRNA can affect PrP expression levels. In general, the 39 UTR can be involved in regulation of protein translation by affecting mRNA stability, subcellular localization, tissue specificity and efficiency of translation.
We have previously reported the full PRNP ORF genotype of the atypical (n569) and classical (n559) scrapieinfected and healthy sheep (n5138) samples that were used in this study (Saunders et al., 2006) . Here, we further characterize ovine PRNP by identifying the diversity of DNA polymorphisms and haplotypes in non-coding regions, specifically the promoter and UTR. Moreover, promoter and UTR haplotype sequences were analysed in silico to identify possible functional motifs which could play a role in PrP expression and regulation.
Genomic DNA was extracted from brain residual medulla tissue and the regions of interest were sequenced as described previously (Saunders et al., 2006) . PCR and sequencing primers are given in Supplementary Tables S1  and S3 , and S2 and S4, respectively (available in JGV Online). Mutations were detected after comparison of data with a reference sequence (GenBank accession no. U67922; Lee et al., 1998) . The DNA sequence data generated for all samples was aligned and grouped by sequence homology. Common haplotypes were readily identifiable in samples that were homozygous for a given haplotype; samples heterozygous for the common haplotypes could also be determined. Where possible, the haplotypes of any remaining samples were derived by 'subtracting' the appropriate common haplotype sequence, leaving the sequence of the derived haplotype.
A 5 kb DNA sequence covering the promoter region ( Fig. 1 ) was obtained for 261 of 266 samples in the study. Seventy polymorphisms [51 single nucleotide polymorphisms (SNPs) and 19 insertions and deletions (indels)] were found to be conserved in at least one haplotype. The five main (P1-P5) and five minor (P6-P10) promoter haplotypes and associated polymorphisms identified as being in linkage disequilibrium (LD) are shown in Supplementary Table S5 (available in JGV Online). Haplotypes P1-P5 were seen in a homozygous state.
The distribution of the promoter haplotypes overall and within each of the study groups is shown in Table 1 . Using Fisher's Exact Test, the overall distribution of the promoter haplotypes between the study groups was significantly different (P50.01). When the differences between the individual study groups were compared, the classical versus negative and atypical versus negative differences were significant (P50.021 and 0.038, respectively) and the classical versus atypical were almost significant (P50.06).
To test whether the differences in the distribution of the promoter haplotype and genotype were being influenced by linkage to the ORF region of PRNP, which could have a dominant effect on disease outcome, a promoter-ORF haplotype was derived using only samples homozygous for either the promoter haplotype or the ORF allele ( Supplementary Table S6 , available in JGV Online). Samples were restricted in this way to ensure known linkage within a haplotype between the two regions of DNA. Whilst the distribution of PrP promoter-ORF haplotypes between the three study groups was found to be significantly different using Fisher's Exact Test (overall P,0.001; classical versus atypical, P,0.001; classical versus negative, P,0.001; atypical versus negative, P50.002), further analysis was carried out to try and establish which region of the PRNP gene might have the greatest effect on distribution in the various study groups.
Using a multinomial logit model (Long & Freese, 2001) that included factors for the effects of both ORF and promoter, both were significant, but the ORF region of PRNP had a much greater effect (P,0.001) on the distribution in classical, atypical or negative scrapie groups than the promoter region of this gene (P50.027). This suggests that the promoter haplotype and genotype distribution by disease status (Table 1 and Fig. 2a ) is probably influenced by the dominant effect of linked ORF alleles in some cases. For example, the absence of the promoter genotype P2+P2 in the classical scrapie group of sheep can now be attributed to the strong LD of the classical scrapie-resistant ARR allele with the P2 haplotype ( Supplementary Table S6 ). Furthermore, the over-representation of classical scrapie cases with the promoter genotype P4+P5 ( Fig. 2a ) could be due to the linkage of both of these haplotypes with the classical scrapiesusceptible VRQ allele ( Supplementary Table S6 ).
A 3 kb sequence covering the 39 UTR region (Fig. 1) was obtained for all 266 samples in the study. Seventy-five polymorphisms (60 SNPs and 15 indels) were found to be conserved in at least one UTR haplotype. The five main UTR haplotypes [U1A, U1B (U1A & U1B differ only in four SNPs and one indel), U2, U3 and U4] and their associated polymorphisms that were identified as being in LD are shown in Supplementary Table S7 (available in JGV Online). All of the UTR haplotypes except U4 were seen in a homozygous state. Fig. 1 . Ovine PRNP gene map and DNA sequencing strategy. The three exons and two introns are numbered from left to right. Two regions, of 5.0 and 3.0 kb, representing the promoter (including exon 1, intron 1 and exon 2) and the 39 UTR of exon 3, respectively, were sequenced in this study. A 1.1 kb sequence covering the ORF and adjacent 59 and 39 UTR sequence was previously sequenced (Saunders et al., 2006) . Nucleotide numbering relates to the ovine PRNP sequence (GenBank accession no. U67922; Lee et al., 1998) , adjusted so that number 1 is positioned at the TSS at the beginning of exon 1.
The distribution of these haplotypes with respect to the three study groups is shown in Table 1 . Using Fisher's Exact Test, the overall distribution of the UTR haplotypes between the study groups was significantly different (P,0.001). When the differences between groups were compared, all three comparisons (classical versus atypical, classical versus negative and atypical versus negative) remained highly significant (P,0.001). Supplementary Table S8 (available in JGV Online) shows the two region haplotype consisting of the PrP ORF allele and 39 UTR haplotype, derived as previously described for the promoter-ORF haplotype. The three ORF alleles most commonly associated with atypical scrapie (ARR, AHQ and AF 141 RQ) share a common UTR haplotype (U2), resulting in U2 making up 88 % of the UTR haplotypes in atypical scrapie cases. Notably, all atypical scrapie cases carry at least one U2 haplotype. However, U2 is the most frequently observed UTR haplotype in all three study groups (Table 1 ) and so is also seen, to a lesser extent, in classical scrapie cases (43 % of cases).
The difference in overall distribution and comparisons of PrP UTR-ORF haplotypes between the three study groups in Supplementary Table S8 were found to be highly significant using Fisher's Exact Test (overall, P,0.001; classical versus atypical, P,0.001; classical versus negative, P,0.001; atypical versus negative, P,0.001). However, using the multinomial logit model, both were significant but the ORF region of PRNP had a much greater effect (P,0.001) on the classical, atypical or negative scrapie distribution than the UTR region (P50.012).
A full PRNP haplotype consisting of all three gene regions was also derived, as shown in Supplementary Table S9 (available in JGV Online); however, the number of samples included was limited and they were not analysed further.
Our study has shown that, as with coding polymorphisms, there is more diversity in the PRNP promoter and UTR Ovine PRNP promoter and UTR haplotypes regions of the ARQ allele than other ORF alleles. ARQ is in LD with P1-7 and U1A, U1B, U2 and U3; this is not unexpected and is likely to be due to the ancestral nature of the sheep ARQ allele. This supports findings that the level of LD in PRNP may vary depending on the ORF allele (Green et al., 2006) .
Therefore, although samples were limited, the distribution of non-coding regions in sheep with ARQ homozygous ORF genotypes of PRNP were examined and found to differ between the scrapie-negative group (n58) versus classical scrapie group (n56) (UTR, P50.003; promoter, P50.02). The U1A haplotype is over-represented in scrapie-negative animals (62 %) compared with classical scrapie animals (8 %), whereas the U2 haplotype is over-represented in the classical scrapie animals (67 %) compared with the scrapienegative ARQ/ARQ animals (12 %). Differences in the distribution of the promoter haplotypes were also seen; most markedly, the P5 haplotype is over-represented in the classical scrapie animals (50 %) compared with the scrapienegative animals (0 %).
In an attempt to identify possible functional differences in the promoter and UTR variants which might support a hypothesis that promoter and UTR variants could affect PrP regulation and scrapie susceptibility, in silico analysis was undertaken. Other studies have previously identified TFBSs that are potentially associated with PRNP gene regulation in sheep, cattle, humans and rats (Saeki et al., 1996; Inoue et al., 1997; Baybutt & Manson, 1997; Hills et al., 2001; Funke-Kaiser et al., 2001; McCormack et al., 2002; Sander et al., 2004 Sander et al., , 2005 Premzl et al., 2005) . Using Biobase MATCH software to search the TRANSFAC database (Matys et al., 2003) , nine TFBSs were identified that were gained or lost in the promoter haplotypes ( Supplementary  Table S5 ). A Hox 1.3 site was generated in haplotypes P3, P4, P7 and P9 due to a T insertion at position 4730 [the same insertion led to a loss of a thyroid embryonic factor (TEF) site in the same haplotypes]; a Pax site was gained in haplotypes P4, P6 and P8 due to a CAA SNP at position 5354; an interferon regulatory factor (IRF7) site was lost in haplotype P5 due to a TAC SNP at position 5382; and an NF-kB site was lost in P9 due to a CAA SNP at position 5571. Overlapping TFBSs for KROX and Sp1 were lost in haplotype P1 as a result of the 5622 CAG SNP found in all other haplotypes, while the 5622G allele in all haplotypes except P1 led to a loss of a myc-associated zinc-finger protein-related factor TFBS. Finally, a chicken ovalbumin upstream promoter TFBS was lost in haplotype P1 due to an insertion (TCTGGTG) at position 7615.
The Sp1 site containing SNP 5622 is of particular interest as it lies in the proximal promoter 44 bp upstream of the transcription start site (TSS) and has been reported in different species (Inoue et al., 1997; O'Neill et al., 2003; Premzl et al., 2005) ; therefore, it is likely to be active. In addition, KROX/Sp1 overlapping sites have been associated with the brain-specific expression of the aldolase C gene (Jean et al., 2006) . In our study, the P1 haplotype (loss of Sp1 and KROX) in ARQ homozygous sheep is seen in a greater proportion of scrapie-negative sheep than classical scrapie sheep of the same genotype, and a previous study found that C-5622 is associated with a scrapie-negative experimental flock (O'Neill et al., 2005) . It could, therefore, be hypothesized that any reduced susceptibility could be due to reduced levels of PrP expression, particularly in the brain tissue of sheep carrying this promoter haplotype. In vitro expression and transcription factor binding studies would need to be performed for the various promoter haplotypes identified in this study to determine the true effect of TFBS variability.
When the sequences for the ovine 59 and 39 UTR were screened for functional motifs using UTRScan (Pesole & Liuni, 1999; Mignone et al., 2005) , several UTR functional element sites were identified. Exon 2 contained an internal ribosome entry site (IRES), which, at 98 bp in length, is the same length as exon 2, and a GY box of 7 bp in length (GTCTTCC) at position 8191-8197. Exon 3 also contained a GY box at position 25600. GY box sites are involved in post-transcription-negative regulation associated with microRNAs (Lai, 2002) . IRES segments are known to promote protein translation initiation independently of the presence of the more commonly utilized 59-terminal 7mG cap structure (Komar & Hatzoglou, 2005) . IRES functionality is based on secondary or tertiary structure rather than primary sequence and the predicted structure of PRNP exon 2 generated using Mfold software (www.bioinfo.rpi.edu/applications/mfold; Zuker, 2003) is shown to exhibit a stem and loop appearance ( Supplementary Fig. S1 ), typical of a functional IRES (Jang et al., 1990) . Interestingly, the mRNA encoding Ure2 protein, which is altered from the yeast prion form Ure2p, has been found to contain an IRES within the ORF (Komar et al., 2003) .
In summary, we have identified ten promoter and five UTR haplotypes from the ovine PRNP gene, whose frequency in classical and atypical scrapie and healthy controls varied. Now that a range of promoter and UTR haplotypes have been defined, the hypothesis that non-coding regions of PRNP can affect scrapie susceptibility needs to be tested in appropriately structured populations of sheep, and novel functional motifs need to be tested in vitro to determine whether the non-coding regions of PRNP may still have additional regulatory and susceptibility functions to reveal.
